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In the preceding paper (1)  it was found that some strains of S.  muscae re- 
quired the addition of a  substance found in certain acid-hydrolyzed proteins 
(AHPF)  to liberate phage in Fildes' synthetic medium when  singly infected 
with virus. Another strain required aspartic acid to liberate phage in Fildes' 
synthetic medium when singly infected. 
Experiments reported in this paper show that such strains do not need the 
AHPF or aspartic acid to liberate phage when infected with more  than two 
phage particles per cell. An analysis of this phenomenon has indicated that this 
result is not due to the presence of cells which do not require  the ARPF or 
aspartic acid when singly infected, or to the presence of phage for which the 
AHPF or aspartic acid is not a  necessary component for synthesis. Further 
experiments indicated that the phage particle itself was the active substance in 
the lysate capable of replacing the AHPF and aspartic acid. Other experiments 
showed that an acid hydrolysate of purified phage could replace the AHPF; 
hence it appears as if the AHPF is a  constituent of the phage. The preceding 
paper showed that aspartic acid is also a constituent of the virus (1). 
EXPERIMENTAL  RESULTS 
Cells of strain I which require the addition of the AHPF to liberate phage in 
Fildes' synthetic medium do not need this substance when multiply infected 
(Fig. 1). In the experiment shown in Fig. 1, the majority of cells in the tube con- 
taining the high concentration of phage adsorbed twelve virus particles each. 
The same amount of virus is liberated from the infected cells under conditions 
of a single infection plus the AHPF and cells having a high multiple infection. 
Table I illustrates that adding AHPF to cells infected with a high multiplicity 
of infection does not increase the virus yield. Table II shows that the amount 
of phage released from infected cells is dependent on the initial average multi- 
plicity of infection up to 9, but that a higher multiplicity of infection than 9 
does not give a higher yield of phage. Adding the AHPF to the tube containing 
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a low multiple infection, brings the yield up to that found with a high multiple 
infection (tube 3, Table II). 
The question arises under  the above conditions,  whether the cells infected 
with an average of four phage particles actually liberate an average burst of 
two particles  or whether  there  are enough  cells more highly infected  which 
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FIG. 1. One-step growth curve of singly and multiply infected cells in the absence 
and presence of the AHPF. Three tubes, A, B, and C, containing 10.0 ml. of Fildes' 
synthetic medium were inoculated with 1.5  X  10  s cells per ml. and  shaken  for  3½ 
hours at 37°C. At this time the tubes received  the additions shown below and were 
shaken another 0.5 hour. The cell count at this time is indicated below. The tubes then 
received varying amounts of virus solution, in a volume of 0.1 nil., as shown below and 
one-step growth curves were carried out as described under Methods. 
Tube 
A 
B 
Addition 
0.1  ml. H20 
0.1 ml. AHPF 
(20 ~  N) 
0.1 ml. H20 
Initial bacteria 
per ml. 
2.2  X  l0  B 
2.1  X  108 
2.2  X  108 
Initial plaque 
count per ml. 
1.03  X  105 
1.21  X  10  ~ 
4.09  X  109 
Multi- 
plicity 
of in- 
fection 
1 
1 
12 
Infected  bac-  Final plaque 
teria per ml.  count per ml. 
3.1  X  104  2.1  X  104 
5.1X  104  4.7X  105 
1.5  X  108  1.4  X  10  s 
Aver- 
age 
burst 
size 
liberate the phage, but which under the one-step growth curve technique give 
an average burst size of 2. It has been shown that the distribution of the number 
of phage particles  infecting  individual  bacteria  approximates a  Poisson dis- 
tribution  (2) assuming a  random distribution. 
Thus, if n equals the average number of phage particles per cell and r equals 
the number of particles to be calculated, then the fraction of bacteria receiving 
the number of phages to be calculated is 
p(r)  -  n" e-" 
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TABLE I 
Effect of Multiple Infection on Virus Synthesis ~n Presence and Absence of the 
Aeid-Hydrolyzed  Protein Factor 
Four tubes,  A, B, C, and  D, containing 10.0 ml. of Fildes' synthetic medium were set 
up containing 1.5  X  los cells per mi. Tubes A and B  received 0.1  ml. of 1~O and tubes C 
and D  received 0.1  ml. of the AHPF containing 20 ~/of nitrogen. All tubes were shaken 4 
hours at 37  ° and then 0.1 ml. of virus solution was added to all four tubes. The initial con- 
eentrations of virus particles in tubes A, B, C, and D were 1.0 X  10~, 5.1  X  10', 1.0  X  106, 
and 4.7 X  10' particles respectively. The tubes were then shaken  15 minutes and then one- 
step growth curves were carried out on the washed precipitates as described under Methods. 
Experiment  Sample  Addition  Average  multiplic- Average  burst size  ity of infection 
1  A 
B 
C 
D 
A 
B 
C 
D 
20 ~, Nof AHPF 
20 -y N  of AHPF 
20 ~/N of AHPF 
20 ~ N  of AHPF 
1 
10 
1 
8 
1 
9 
1 
10 
TABLE II 
The Effect of the Initial Virus Concentration on Phage Synthesis 
Five tubes containing 10.0 ml. of Fildes' synthetic medium and inoculated with 1.5  X 
l0  s cells per ml. were prepared as described in the legend for Fig. 1. No A1TPF was added 
to any of the tubes. Mter shaking for 3~ hours at 37°C.,  tube 3 received 20 -/N of AHPF 
O.1 ml.) and the tube shaken for another 20 minutes. Each tube received 0.1 ml. of purified 
vires solution of varying concentrations.  The bacterial count was 2.0  X  los cells per ml. 
in all four tubes. 
Tube  Initial virus titer 
per ml. 
1.1  X  10  5 
1.9 X  10' 
1.9 X  10  9 
3.6 X  10' 
6.6 X  10  9 
AHPF 
m 
+ 
Average  multiplicity 
of infection 
1 
4 
4 
9 
18 
Average burst size 
Since in  the  above  experiment  the  average multiplicity  is 4,  and  since  we 
know that about ten phage particles are necessary to give the full yield, enough 
of  the  bacteria  must  be infected  with  ten  particles  to  give an  average burst 
size of 2. Actually,  calculated from the above formula, less than 5  per cent of 
the infected bacteria  receive ten particles.  This number of infected cells is far 
too  few  to  influence  the  phage  yield  of  the  experiment  shown  in  Table  HI. 254  M-ITLTIPLE INFECTION AND  SUBSTRATES  IN  VIRUS  SYNTHESIS 
Burst sizes of single cells infected with an average multiplicity of four particles 
show that 73 per cent of the infected bacteria liberate between two to five phage 
particles  per  cell  (Table  III). While  only  150  such cells were examined,  the 
evidence is overwhelmingly against the phage being liberated from a  few cells 
with high multiplicities of infection. It is also doubtful whether the high yields 
TABLE III 
Percentage of Burst Sizes of Single Cells Infe,  ted  with an  Average Multiplicity of  Four 
Virus Particles witkin the Limiting Values 
Tubes containing  10.0 ml. of Fildes'  synthetic  medium were inoculated  with  1.5  X  10  s 
cells per ml. prepared as described under Methods. The cells were stmken for 4 hours at which 
time the cell count was 2.2 X  108 cells per ml. 0.1 ml. of virus solution was added  toeach 
tube to give 1.9  X  10  g particles per ml. The tube was shaken 20 minutes and then burst 
size determined on single cells as described under Methods. The average infection was four 
particles per cell. 150 tubes were examined of which 38 showed bursts. 
Percent  ~'e  Burst size 
73  2-5 
17  5-10 
5  10-15 
5  15--60 
of virus observed from single cells in this experiment are actually due to single 
cells, since on a statistical basis 10 per cent of the bursts would be due to more 
than one cell. In this case, however, this percentage would be even higher due 
to  the  clumped  ceils  (1). 
Identification of Faclor in the Lysate Causing Phage Liberation in tke Absence 
of the AttPF 
Experiments were carried out to determine whether the phage particle itself 
or some other component in the lysate could replace the AHPF in stimulating 
phage liberation of strain I. 
Phage lysates were treated  with acid, alkali,  and heat,  to reduce the  titer 
so that (in comparison to the control) while the volume of lysate added would 
be the same, the initial virus concentration of the treated samples would only 
permit single infection. Table IV shows that when phage lysates are inactivated 
under these conditions so as to reduce the titer to the point at which the cells 
were only singly infected,  such lysates produced no increase  in phage in the 
absence of added AHPF.  I The above treatment of the lysates did not release 
Phage inactivated  by acid, alkali,  and heat,  under these conditions,  is not ad- 
sorbed to the cell as determined by viable cell count. The AHPF is not inactivated 
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inhibitors,  since  the  addition  of new phage  to  these  lysates,  which  increased 
their virus titer  so that  the cells would be multiply infected,  permitted  large 
increases  in phage  (Table  IV). 
TABLE IV 
The E~ext o] Acid, Alkali, and Heat Inactivation  on the Ability of Phage Lysates  to Increase 
Virus Synthesis in the Absence of the Add-Hydrolyzed  Protein Factor 
10  ml.  of  centrifuged  phage  prepared  by  differential centrifugation  as  described  pre- 
viously and having a titer of 4.1  X  10  ~° virus particles per ml. was divided into 4 tubis, 2.5 
ml. in each tube. Tube 1 was adjusted to ptt 3.5,  tube 2 to pH 10.5, tube 3 heated at 60  °, 
and tube 4 was kept as a  control. By these procedures, the titer in tube 1 was reduced to 
2.8 X  l0  T particles per ml., in tube 2 to 2.4  X  l0  T particles per nil., in tube 3 to 9.1  X  los 
particles per ml. Seven tubes prepared as described in the legend for Fig. 1 and containing 
no AHPF were set up. After shaking 4 hours, 1.0 ml. of the various virus samples was added 
to 4  tubes.  Another  1.0 ml. from the tubes containing the inactivated phage samples was 
added to the 3 remaining tubes. These last 3 tubes also received 0.1 ml. of differentially pre- 
paxed virus solution, which had a titer of 3.8 X  1011 virus particles per ml. One-step growth 
curves were carried out as described under Methods. The cell count in all tubes was 2.2 X  l0  s 
cells per ml., at the time the various virus preparations were added. Tubes 1 and 5, 6, and 7 
showed multiplicities of infection of 9, 12, 10, and 8 respectively. 
Tube  Addition  Initial phage  per nil. 
1.0 ml. normal lysate 
1.0 ml. acid-inactivated ly- 
sate 
1.0 ml. alkali-inactivated ly- 
sate 
1.O ml. heat-inactivated ly- 
sate 
1.0 ml. acid-inactivated ly- 
sate plus 0.1  ml. normal 
centrifuged phage 
1.0 ml. alkali-inactivated ly- 
sate  plus 0.1  ml.  centri- 
fuged phage 
1.0 ml. heat-inactivated ly- 
sate  plus 0.1  ml.  centri- 
fuged phage  I 
3.6 X  109 
2.6 X  los 
2.1  X  10  e 
8.6 X  105 
3.9 X  109 
3.5  X  l0  s 
3.7  X  10  s 
Bi per cal. 
1.6  X  los 
8.1  X  105 
7.2  X  105 
4.1  X  105 
1.4  X  los 
1.6X  los 
1.6X  los 
PF per nil. 
9.7X  los 
7.1  X  105 
5.1  X  105 
4.9 X  105 
1.2  X  109 
1.1  X  10  s 
8.1  X  los 
Average 
burst slze 
7 
5 
I 
Table V  illustrates that  the factor in lysates which permits phage release in 
the  absence  of  the  AHPF  is  adsorbed  only  to  those  cells which  adsorb  the 
phage. 
From  Table VI it can be seen that  the above factor follows the phage  ac- 
tivity on centrifugation.  If the lysate is centrifuged at high speed so as to re- 
duce  the  phage  titer  to  give a  single  infection  in  comparison  to  the  control, 256  MULTIPLE  INFECTION  AND  SUBSTRATES  IN  VIRUS  SYNTHESIS 
then  the  supernatant  fluid  from  the  centrifuged  lysate completely loses the 
ability to permit phage release in the absence of the AHPF. The addition of 
new phage to the supernatant fluid so as to increase the titer to the uncentri- 
fuged sample, again permits this lysate to form phage. Thus,  the factor is not 
inactivated in the supernatant fluid during the centrifugation. This last state- 
TABLE V 
Adsorption of Centrifuged Lysate by Susceptible Cells 
10.0 ml.  of purified  phage having a titer of 3.1  X  1011 particles per ml. was shaken for 
30 minutes at 37 ° with 5 X  101° S. aureus cells per ml. which had previously been heated at 
65°C. for 15 minutes. The solution was centrifuged  twice at 1200 X g for 20 minutes. The titer 
of the supernatant fluid was 2.1 X  1011 particles per ml. Half of this solution was shaken with 
5 X  I@  ° S. muscae ceils per ml., which had previously been heated at 65°C. for 15 minutes. 
This solution which was shaken and treated as described  above had a  titer of 1.8 X  1019 
particles per ml. 0.I ml. of each of the above solutions was added to tubes containing bac- 
teria which had been prepared as described in Table I. These tubes contained no A_I-I_PF  and 
had been shaken for 4 hours and had a cell count of 2.1 to 2.2 X  l0  s ceils per ml. After the 
addition of the virus, one-step growth curves were carried out as described under Methods. 
The small yield from tube 3 is probably due to multiply infected cells. 
Average  Average  Tube  Treatment of phage added  Initial pha~e  multiplicity 
tater per In[.  of infection  burst raze 
None 
Adsorbed on S. aureus 
Adsorbed  on  S.  aure~  and  S. 
~'/~//,$  Ca  e 
Same as tube 3 plus 0.1 ml. of un- 
treated phage 
3.1  X  10  9 
2.1  X  10  9 
1.8  X  los 
3.1  X  10  9 
ment is also strongly supported by the fact that the precipitate from the cen- 
trifuged lysate, which contains the phage, acts like the uncentrifuged lysate. 
Effect of Phage Antiserum  on the Multiplicity  Effect.--Phage  antiserum, pre- 
pared by the injection of purified phage into rabbits, and freed of any detectable 
bacterial antibody, was mixed in various dilutions with  constant amounts of 
phage. Each sample contained 1.0 ml. of 2  X  101° phage per ml. and 1.0 ml. of 
the various antiserum dilutions. 1.0 ml. of the various mixtures was then added 
to ceils of strain I  grown in the absence of the AHPF. As with acid, alkali, and 
heat  inactivation,  phage  antiserum  completely  inhibited  the  factor  in  the 
purified  lysates from  replacing the  AHPF,  when  the  phage  was  inactivated 
enough so as to give only single infections. Experiments showed that the virus, 
inactivated by phage antiserum, was not adsorbed to the cell as indicated by 
viable cell count. However, it is of course possible that the neutralized phage 
can  be  adsorbed without  killing the  cell. Control rabbit serum,  in  the  same 
dilutions as the antiserum,  had no effect on  the phage titer or on the multi- W~STON ~.  PRICE  257 
plicity effect. Experiments were also carried out in which constant amounts of 
phage were mixed with bacterial antibody. The results were complicated by the 
fact that the bacterial antibody prevented the adsorption of the virus to the 
cell and  these experiments were given up. 
TABLE VI 
Centri.fugation of Pkage Lysate 
40.0 ml. of phage lysate prepared in Fildes' synthetic medium having a tiler of 3.1 X  10  TM 
particles per ml. was centrifuged  2½ hours at 14,000 X g. This reduced the tiler in the super- 
natant fluid to 1.4 X  109 particles per ml. The supernatant fluid was carefuily poured off, 
the tube drained, and then carefully washed  with 10.0 ml.  of Fildes' synthetic medium. 
The precipitate was then suspended in 10.0 nil. of Fildes' synthetic medium, and still in the 
form of a precipitate was centrifuged  at 1200 X  g for 10 minutes.  The precipitate was then 
resuspended  in 1.0 ml. of Fildes' synthetic medium being kept in an ice bath during this 
procedure. The redissolved precipitate had a tiler of 3.1 X  10  n particles per ml. Three tubes, 
A, B, and C containing 9.0 ml. of Fildes' synthetic medium,  prepared as described in the 
legend for Fig. 1 but containing no AHPF, were shaken 3½ hours at 37  °. The ceLl count at 
this time was approximately 1.7 ×  108 cells per ml. in each tube. Tube A received  1.0 ml. 
of the phage lysate before centrifugation, tube B, 1.0 ml. of the supernatant fluid from the 
phage lysate after centrifugation and tube C, 1.0 cc. of the supematant fluid from the phage 
centrifuged  lysate pins 0.1 ml. of the washed  precipitate from  the phage lysate. One-step 
growth curves were then carried out as described under Methods. 
Sample 
A 
B 
C 
Addition 
1.0 ml. of lysate before cen- 
trifugation 
1.0 ml.  of lysate after first 
centrifugation 
1.0 ml. of lysate supernatant 
after  first  eentrifugation 
plus 0.1 ml. of precipitate 
of lysate after centrifuga- 
Lion 
Initial 
phage/ml. 
3.0 X  10  ° 
1.4 X  108 
3.1  X  109 
Avera.~e 
multiplic- 
ity of 
infection 
8 
1 
10 
Bi per ml.  FP per ml. 
1.5X  108  7.4X  10  s 
9.1X  107  8.6X  107 
1.5XI0*  1.1  X109 
Average 
burst 
size 
5 
I 
0 
The Effect of a Fraction from Normally Lysed Bacteria on Phage Synthesis  in 
the Absence o] the AtlPF__Cells of strain I  were suspended in Fildes' medium 
to give a  concentration of  1  X  10  a° cells per ml.  100 ~, per ml. of crystalline 
lysozyme was added and the cells shaken for 1 hour at 37C. About 35 per cent 
of the ceils lysed. The mixture was then centrifuged 15 minutes at 1100  X  g. 
The supematant filtrate was poured off and recentrifuged at 14,000  X  g for 2 
hours at  10°C. This was the same procedure used in isolating the phage. The 
precipitate was redissolved in 5.0 ml. of Fildes' medium. Various amounts of 
the precipitate, 2.0 hal.,  1.0 ml.,  and  0.3 ml.,  were  added to  the AHPF  test 
system. These amounts  were similar to those used in adding the centrifuged 258  MULTIPLE  INFECTION AND  SUBSTRATES IN  VIRUS SYNTHESIS 
phage preparations. All dilutions were completely devoid of any activity in re- 
placing the AHPF. Controls showed that they did not inhibit the multiplicity 
effect when similar concentrations of the normal fraction were added to cells 
multiply infected with phage in the absence of the AHPF. 
Effect of Ultraviolet-Treated  Phages on  Virus Synthesis.--  In view of Luria's 
recent results with ultraviolet-inactivated  phage (3), it was thought of interest 
to determine whether ultraviolet-inactivated  phage could serve as a  source of 
the AHPF. 
TABLE VII 
The Effect of Ultra~olet-Inavti~ated Phage on Cell Multiplication 
10.0 ml. of purified phage having a titer of 4.i  X  101° particles per rot. was treated  for 
180 seconds with ultraviolet irradiation as described under Methods. This reduced the titer 
to 2.1 X  106 particles per ml. One ml. of this sample was added to one tube prepared as de- 
scribed in the legend for Fig. 1. One ml. of Fildes' synthetic medium, also irradiated for 180 
seconds, was added to another  tube. One ml. of centrifuged phage  removed before irradia- 
tion was added to a third tube. A fourth tube received 1.0 ml. of Fildes' synthetic medium. 
All tubes had 2.4 X  10  s ceils per ml. Cell counts were made after shaking the tubes for 30 
minutes. Turbidity readings were also taken. The turbidity of the tube containing the ir- 
radiated phage rose to 2.4 X  10* cells in the first 20 minutes and remained constant for the 
next 4 hours. The tube containing the irradiated  synthetic medium had risen  to 4.2  X  108 
cells per nil., at the end of 4 hours. The tube containing the normal phage rose to 2.4 X  10  * 
cells per ml., and then lysed after 60 minutes. The tube containing  the synthetic medium had 
4.1  X  l0  s cells per ml. at the end of 4 hours. The figures below show the plate counts for 
ceils of the various tubes. 
Sample  Addition  Colony plate count 
X  10  ~  dilution 
I  1.0 ml. of synthetic medium  182 
2  1.0 ml. of irradiated medium  161 
3  1.0 ml. of irradiated phage solution  17 
4  1.0 ml. of normal phage  13 
Table VII shows that when the S. muscae virus used in the present work is 
inactivated by ultraviolet light, it is adsorbed to the cells and prevents such 
infected cells from  forming visible colonies. Microscopic  examination shows 
that these cells did not divide. 
From Table VIII, it can be seen that ultraviolet-inactivated  phage particles 
can interfere with the liberation of virus particles if added before the active 
particles, but has little effect on virus synthesis if added a  short time after the 
active particles. 
It is not possible to say from these one-step growth experiments whether the 
irradiated particles, when added  before the "active particles, reduce  the yield 
of the majority of such cells to two particles, or whether the majority of such WINSTON  H.  PRICE  259 
cells liberate no phage while some ceils liberate the normal yield of virus.  If 
the latter was the case, then under the conditions of the one-step growth curve 
it may appear as if the main fraction of the bacteria were releasing two particles. 
This question can only be settled by examining phage yields from single ceils. 
Table VIII  also indicates that  this property of interference is due  to  the 
irradiated phage  and  not  to  some  other  component  in  the  lysate.  All these 
TABLE VIII 
The Effect of Ultraviolet-Inactivated Virus on Phage Synthesis 
Four tubes containing 10.0 mi. of Fildes' synthetic medium were inoculated with 1.5 X  10s 
cells per mi. The tubes also received 20 ~ N of AHPF 0.1 ml.). The tubes were shaken 4 hours 
at which time the cell count was 2.2 X  108 cells per ml. Tube 1 received 1.8 X  10  s particles 
per mi. (1.0 ml.) and 1.0 mi. of Fildes' synthetic medium. Tube 2 received 1.0 ml. of irradiated 
phage in which titer had been reduced from 3.3 X  10  t° particles per ml. to 1.4 X  10  s particles 
per ml. 30 seconds after the addition of the irradiated sample to tube 2, the same tube re- 
ceived 1.8 X  10  t active particles per mi. (I.0 mi.). Tube 3 received exactly the same additions 
as tube 2, but the irradiated phage was added 4 minutes after the active sample.  Tube 4 
received  1.8 X  10  s particles per ml. (1.0 ml.) plus 1.0 ml. of irradiated phage solution the 
titer of which had been reduced, by acid treatment at pH 4.0, from 3.3 X  10  t° to 9.1  ×  106 
particles per ml. This acid-treated solution received  the same amount of irradiation as the 
irradiated samples added to tubes 2 and 3. All tubes were  shaken another 8 minutes and 
then one-step growth curves carried out. Under the conditions the majority of infected bac- 
teria in tubes 2 and 3 received 1 active and 10 inactive particles. 
Tube  Addition  Bi per ml.  FP per ml. 
Active phage 
Irradiated  phage  followed  by 
active phage 
Active  phage  followed  by  ir- 
radiated phage 
Active phage plus acid-treated 
irradiated lysate 
1.2 X  10  s 
1.0  X  10  s 
1.2  X  10  8 
1.1  X  10  s 
1.0 X  10  9 
2.1  X  10  s 
8.5  X  10  s 
8.7  X  l0  s 
Average?ur  st 
I  2 
results on ultraviolet-irradiated phage agree with  the earher results of Luria 
and Delbriick, who made similar observations on the E. coli system  (4). 
Table IX indicates that phage inactivated by ultraviolet light cannot serve 
as a  source of the AHPF under the experimental conditions. Since it has been 
found that the AHPF must be present during the adsorption of the virus to 
the cell (1), it is not possible to say definitely whether ultraviolet-inactivated 
phage can serve as a  source of the AHPF, since the inactivated phage must be 
added  after  the  active  particles  have  been  adsorbed.  However,  the  above 
negative result cannot be attributed to the destruction of the AHPF by ultra- 
violet  irradiation,  since  ultraviolet phage  irradiated  as  above  liberates  the 
AHPF when hydrolyzed in the usual manner, with the same equivalent number 260  MULTIPLE  INFECTION  AND  SUBSTRATES  IN  VIRUS  SYNTHESIS 
of hydrolyzed particles being necessary to give maximum stimulation of virus 
synthesis  as is found with  untreated  phage  (cf.  page 264).  S.  muscae phage, 
inactivated by ultraviolet irradiation from 109 particles per ml. to 10  ~ particles 
per ml., does not show reactivation when used to multiply infected cells. These 
experiments were carried out side by side with the E. coli T~ system in which 
multiplicity of reactivation was observed (3). The results indicate that either 
TABLE IX 
The Effect of Ultraviolet-Irradiated Phage on Virus Synthesis in the Absence and Presence of 
the AHPF 
Four tubes containing 10.0 ml. of Fildes' synthetic  medium were inoculated with 1.5  X 
10s cells per ml. Mter shaking 3½ hours, tubes 1 and 3 received 20 "r N of AHPF (0.1 ml.). 
At the end of 4 hours, the cell count was between 2.1 and 2.2 X  108 cells per mi. in all tubes. 
0.1 ml. of virus solution was added  to the 4 tubes to give 1.8 X  l08 particles per ml. Four 
minutes later tubes 1 and 2 received 1.0 rot. of irradiated  phage as described in Table VIII. 
One-step growth curves were carried out as described under Methods. Under the conditions 
tubes 1 and 2 received 1 active and 10 inactive particles. The small yields in tubes 2 and 4 
probably result  from multiply  infected  cells. 
Tube  Addition  Bi per ml.  FP per rai.  Average  burst  size 
Active  phage  plus  irradiated 
phage plus AHPF 
Active  phage  plus  irradiated 
phage 
Active phage plus AHPF 
Active phage 
1.2 X  I0  8 
7.6X 10  ~ 
1.3 X  108 
7.2 X  10  r 
9.5 X  10  s 
2.2 X  10  s 
9.3 X  10  s 
1.3 X  10  s 
the reactivation of ultraviolet-treated particles does not occur with S. muscae 
phage, or that different conditions are needed to demonstrate the phenomenon. 
Presence of the AHPF in Phage 
The question arises as to why strain I no longer requires the AHPF for virus 
release when multiply infected. 
It is possible that in multiple infection the phage particles released are not 
newly synthesized virus,but simply the original infecting particles.  There are 
three lines of evidence which are against this point of view. As shown in Fig. 1, 
the minimum latent  period and  the rise period  are  the  same in multiply in- 
fected cells and in cells singly infected in the presence of the AHPF. If the virus 
particles released  were the original virus particles,  it would be expected that 
the minimum latent period or perhaps  the rise period would be shorter,  since 
the particles would be already formed. Secondly, the amount of virus liberated 
per cell is not influenced by multiplicities  of infection higher than  10. This is WINSTON  H.  PRICE  261 
hard to understand,  if the virus being released from the cells were the original 
particles. A third line of evidence is found in the nucleic acid content of multiply 
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FIo. 2. Nucleic acid changes of singly and multiply infected cells.  Four  IO00 ud. 
Florence flasks containing 500 ml. of Fildes' synthetic medium were inoculated with 
2.0 X  I0' cells per mI., as described under Methods. Flasks I and 2 received 20 ~t N of 
purified AHPF per 10.0 ml. of medium. After shaking 75 minutes, at which time the 
cell count was 2,1  X  10' cells per ml., 10.0 ml. of virus solution was added to flasks 1 
and 2 to give 9.1  X  i0' particles per ml. and 10.0 ml. of virus solution to flasks 3 and 4 
to give 4.1  ×  109 virus particles per ml. The four flasks were shaken at 34  ° for 20 min- 
utes and then centrifuged and washed in Fildes' synthetic medium. The infected sus- 
pensions from flasks  1 and  2 were combined and  suspended  in  1000 ml.  of Fildes' 
synthetic medium, containing 20 "r N  of purified AHPF per 10.0 ml. and the suspen- 
sions from flasks 3 and 4 were combined and suspended in 100 ml. of Fildes' synthetic 
medium. The 1000 ml. of suspension from the combined flasks 1 and 2 were divided up 
into two 5O0 ml. portions and put into two 1000 mL Florence flasks,  as was the com- 
bined 100 ml. suspension of flasks 3 and 4. Plate counts showed that over 88 per cent 
of the cells were infected in all the samples. The multiplicity of infection in flasks 1 and 
2 was 2 and in flasks 3 and 4 was 10. At the various times indicated on the graph, 2O0 ml. 
portions from both types of sample were removed and analyzed as described under 
Methods. About 80 "r of DNA would be required, by calculation, for the amount of 
virus synthesized in both samples. One-step growth curves carried out in the usual 
manner showed that the cells used in the above experiment liberated no phage when 
singly infected in the absence of the AHPF. 
infected  cells.  Earlier  experiments  have  indicated  that  in virus-infected  cells 
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(5). Furthermore, if cells are infected under conditions in which no new virus 
is liberated, such as with ultraviolet-inactivated phage, there is little, if any, 
increase in the DNA content of the infected system over the 2 hour period of 
the experiment (6). Therefore, if the multiply infected cells in the absence of 
the AHPF were not synthesizing new virus, but simply releasing the original 
infecting particles, the DNA content of the total system should remain about 
the same.  Fig.  2,  however, shows  that  the amount  of DNA  synthesized by 
multiply infected cells is about the same as in cells infected with a few virus 
particles in the presence of the AHPF, and that the synthesis occurs at about 
the same rate. Furthermore, the amount of DNA synthesized in both systems 
is approximately the amount necessary to form the amount of virus liberated. 
It  could also be assumed  that  there are  two kinds of cells present in the 
system. One type would require the AHPF and adsorb phage rapidly and the 
TABLE X 
Percentage of Burst Sizes from Multiply  Infecled Cells, in Absenee of lhe .4 HPF, within  II~ 
Limiting  Values 
Tubes were inoculated with  1.5  X  10  s ceils per ml. in  Fildes'  synthetic medium as de- 
scribed under Methods. After shaking 4  hours the cell count was 2.2  X  los ceils per ml.  1.0 
ml. of virus solution was added to give an initial concentration of 5.2 X  l0  g particles per ml. 
The tubes were shaken for  15 minutes, centrifuged, washed, and  then resuspended in  10.0 
ml. of Fildes' synthetic medium and diluted as described under Methods. The average mul- 
tiplicity of infection was I0. 320 samples were assayed of which 75 showed bursts. 
Percentage  of total bursts  Burst size 
82  2-9 
10  I  9-16 
s  1  16-4s 
t 
other type would not require the AHPF and adsorb phage slowly. The latter 
type would be infected only when excess phage was present. 
If this was the case, then most of the infected cells would release no virus, 
with a  few cells not requiring  the AI-1-PF liberating large  amounts of virus. 
Table X  shows that 82 per cent of the cells do not liberate over eight particles 
per cell, with only 18 per cent releasing over this number. It is doubtful whether 
this 18 per cent represents bursts from single cells,  since on a statistical basis 
over 10 per cent of the bursts are due to more than one cell (cf. page 254). These 
figures do not support the idea of there being two types of cells present. 
It might also be supposed that the phage stock consists of two types of virus, 
one requiring the AHPF for virus liberation and one not, and that the strain 
which requires the AHPF is adsorbed more rapidly. Table X  argues against 
this possibility. If this were the case, one would expect that the phage would 
only come from a few cells. As explained above, this does not happen. Further- 
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entirely negative results. These experiments were carried out by shaking the 
phage  solution  and  cells  together for 5  minutes  and  then  centrifuging and 
adding new ceils to the supernatant fluid. If there were two types of phage 
present, one of which was absorbed faster and which required the AHPF and 
one of which was adsorbed slower, then after several repeated adsorptions, the 
phage left in the supernatant fluid should have been able to liberate virus on 
single infection without the AHPF. This did not occur. Finally, phage picked 
from single plaques from cells which liberated the highest yields of virus always 
required the addition of the AHPF to liberate phage under conditions of a 
single infection. 
The fourth theory tested was that the phage particle supplied the AHPF.  2 
33ais was tested by using phage which had been isolated by four differential 
centrifugations. This phage was hydrolyzed in 0.1 r¢ HC1 for 15 minutes at 20 
pounds' pressure,  since this method releases the AHPF from the other pro- 
teins studied. As a  control, the purified phage solution was first adsorbed on 
S.  aureus  and centrifuged and part of the supernatant fluid then hydrolyzed 
as above. The remaining part of the supernatant fluid from S. aureus was ab- 
sorbed on S.  muscae,  centrifuged, and then hydrolyzed in 0.1  N HCI.  As  a 
further control, some of the original purified phage hydrolysate was added to 
hydrolyzed supernatant  from S.  muscae  to show  that  if the active material 
was  in  such  a  preparation,  it  would  stimulate  phage  formation.  Table XP 
shows that the purified phage solution contained some substance that stimu- 
lated phage release of strain I. It also shows that this factor was not adsorbed 
on non-susceptible cells before hydrolysis, but was adsorbed on susceptible ceils 
before hydrolysis. It should be mentioned that any substance that can replace 
the AHPF is either that compound itself or something very similar  to it, since 
the effect is very specific, as pointed out previously (7). The experimental data 
thus strongly suggest that it is the phage particle itself which is capable of re- 
placing the AHPF in stimulating virus release and also that the phage particles 
contain either the AHPF or some substance very similar to it. 
The experiment shown in Table XII, and other experiments which have been 
carried out, indicate that in order for the hydrolyzed phage to give maximum 
virus stimulation, there must be present the equivalent of about 15 times  4 the 
2 The failure to find the AHPF in the phage in the earlier experiments  (19) was due 
to the fact that by the time the cells were infected, the bacteria had removed all the 
AHPF from the medium. Under these conditions, as shown in the preceding paper (1), 
there would be a completely negative test for the AHPF. 
See page 264. 
4 The number of hydrolyzed phages added per cell should actually be multiplied by 
about a factor of 3, since in the four cycles of low-high speed centrifugation used to 
prepare the phage, about 75 per cent of it became inactivated, although the inactive 
phage was in the solution hydrolyzed, as determined by DNA estimation. Because of 
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TABLE  XI 
Test of Phage for the A HPF 
10.0 ml. of phage, purified by bacterial antiserum and four high speed centrifugations at 
14,000 X  g and four low speed centrifugations at 1200  X  g, having a  titer of 2.1 X  !011  par- 
ticles per ml., was used for the following experiment. Two ml.  of the phage in 0.1  ~r HC1 
solution was autoclaved at 20 pounds pressure for 15 minutes. 5.0 ml. of the phage solution 
was treated with 5  X  10  l° S. aureus cells per ml., prepared  as  described in  Table  V. After 
shaking for 30 minutes at 37°C.,  the solution was centrifuged and 2.0 ml.  of supernatant 
fluid was removed. This solution had a  titer of 1.8 X  1011 particles per ml. Another 2.0 ml. 
of the adsorbed supernatant fluid from S. aureuswas treated with 5 X  101°  per ml. S. museae 
cells killed as described above, and this sample shaken for 30 minutes at 37°C. and then cen- 
trifuged. The titer of this supematant fluid was 1.8 X  10  x° particles per ml. The supernatant 
fluids from both S. aureus and S. aureus plus S. muscae were then hydrolyzed as above. 0.2 
ml. of the hydrolyzed samples was added to 2.0 ml. of the various assay tubes prepared as 
described under Methods. Tube 4 received 20 ~ of N of AHPF (0.1 ml.). One-step curves were 
carried out as described in methods for the assay of AHPF. 
Tube  Addition 
Hydrolyzed phage 
Hydrolyzed phage after ad- 
sorption on S. aureus 
Hydrolyzed phage after ad- 
sorption on S. aureus  and 
S. rauscae 
Same as tube 3 plus AHPF 
The equivalent 
No. of hydro- 
lyzed particles 
added per  cell 
100 
90 
Bi 
4.1  X  10  4 
3.1  X  10  4 
4.5 X  104 
6.1  X  10  4 
2.9 X  10  4 
FP 
4.1  X  10  5 
2.5  X  10  ~ 
4.8 X  10  4 
4.9  X  10  ~ 
1.9X  10  4 
Average 
burstlsize 
10 
8 
TABLE XII 
Test of Purified Phage for the Acid-Hydrotyzed  Protein  Factor 
40 ml. of purified phage prepared as described in Table XI having a  titer of 3.4  X  10  II 
particles per ml. was centrifuged for 30 minutes at 10,000  X  g. This reduced the titer to 1.9 X 
1011 in the supernatant fluid (A). The precipitate (B) was dissolved in 4.0 ml. of Hides' syn- 
tbetie medium. The titer of the solution was 8  X  10  .1. 1.0 ml. of supernatant fluid A and 1.0 
ml. of precipitate B  were hydrolyzed in 0.1 •  HC1  for 15 minutes at 20 pounds' pressure. 
The solutions were then assayed in the manner outlined in Table XI. Tube 8 was infected 
so as to 'give an average multipfieity of 8 active phage particles per cell. 
Tube  The equivalent No. of hydrolyzed 
phage particles added per ceil  Average burst size 
No addition 
30 (solution A) 
90 (solution A) 
250 (solution A) 
30 (solution B) 
90 (solution B) 
250 (solution B) 
0 
2 
7 
10 
3 
6 
8 
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number of active phage particles necessary to give the same virus yield. This 
is not surprising,  however, in view of the permeability problems encountered 
when the phage is hydrolyzed, since most of the AHPF under these conditions 
probably does not get into the cells.  Indeed,  this can be shown by assaying 
the supernatant fluids from such experiments for the AHPF. If, therefore, one 
took into account the amount of AHPF which actually entered the cells,  the 
correlation  between  the  number  of  hydrolyzed phage  particles  and  active 
phage particles necessary to give the maximum virus stimulation may be closer 
than the experiments indicate. 
The Effect of Multiple Infection on Virus Synthesis in the Absence of Aspartic 
A cid.--Cells which required aspartie acid when singly infected no longer need 
TABLE XlII 
Effect of Multiple Infection on Virus Synthesis in Absence of Aspartic Acid 
Cells were prepared and inoculated into tubes containing 10.0 ml. of minimal medium as 
described under Methods. Tubes A and B each received 1.5 rag. of aspartic acid. Tubes C, 
D, and E received no aspartic acid. After shaking 4 hours at 37  °, at which time the cell count 
was 2.6 X 10  ~  cells per ml. in tubes A and B, and 2.2 X 10  s cells per ml. in tubes C, D, and 
E, 0.1 ml. virus solution was added to all tubes to give the initial virus concentrations shown 
below. One-step growth curves were then carried out. 
Sample 
A 
B 
C 
D 
E 
Additions 
Aspartic acid 
Aspartic acid 
Initial phage count 
per ml. 
1.1 X 10  s 
4.1  X 10' 
1.1 X 10  s 
1.9 X 10' 
4.1  X  10  9 
Multiplicity of 
infection 
1 
10 
1 
4 
12 
Average burst size 
9 
13 
0 
2 
8 
this substance when multiply infected, as shown in Table XIII. Cells multiply 
infected in the absence of aspartic acid showed the same one-step growth curve 
as singly infected cells in the presence of aspartic acid (Table XIV). 
Experiments similar to those carried out with the AHPF system were carried 
out with the aspartic acid system to test the ability of the phage particle to 
replace  aspartic acid. The results  of these experiments  were  similar  to those 
reported for the AHPF system, and indicated that it was the phage particle 
and not some other component present in the purified phage which replaced 
aspartic  acid.  Ultraviolet-inactivated phage  cannot  serve  as  a  source of as- 
partic acid. 
Single cell experiments, and adsorption experiments carried out as described 
for the AHPF system, showed that the multiplicity effect in the aspartic acid 
system was not due to the presence of two types of cells or two types of phage 
present,  one  of which  in  either  case  did  not  require  aspartic  acid  for virus 
synthesis. 
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TABLE  XIV 
One-Step  Gqowth Curves of Singly and Multiply Infected Cells in the Absence  and Presence  of 
A spartic Acid 
Two  tubes containing 10.0  ml.  of the minimal medium were inoculated with ceils pre- 
pared as described under Methods to give 2.0 X  10 cells per ml. After shaking 4 hours, 1.5 
mg. of aspartic acid was added to tube A and the ceils shaken for 20 minutes. Tube B  was 
divided up into 5.0 ml. portions to give tubes C and D. Tube A was divided up into two 5.0 
ml. portions to give tubes E  and F. 0.1 ml. virus solution was added to all tubes to give the 
initial virus concentration shown below. The cell count at the time of the addition of phage 
was about 2.2 )< l0  s cells per ml. in all tubes. One-step growth curves were carried out, with 
assays made every 6  minutes. 
Sample 
C 
D 
E 
F 
Aspartic 
acid 
m 
+ 
+ 
Initial phage 
count per ml. 
1.1  X  10  6 
4.1  X  10 * 
1.2  X  10  6 
3.8 >( 10  * 
Multiplicity of 
inlection 
I 
11 
l 
9 
Miminum 
latent period 
m/n. 
42 
42 
42 
Rise 
period 
~n. 
m 
30 
30 
30 
Average 
burst size 
0 
7 
7 
10 
TABLE  XV 
Effect of Cyanide,  Iodoacetate,  and Dinitrophenol  on the M~dtipliclty Effect in the Absence  of 
Aspartic Acid 
Eight tubes were inoculated with cells prepared as described under Methods.  Tubes A 
through D  received 1.5 mg. each of aspartic acid. The cells were shaken for 3½ hours. At this 
time the various inhibitors in the concentration shown below, in a  volume of 0.1  ml., were 
added to the various samples. After another half hour, tubes A through D  received 0.1  ml. 
virus solution to give a concentration of 1.0 X  105 virus particles per ml. and tubes E through 
H  0.1 ml. virus solution to give 4.0 X  109 particles per ml. The multiplicity of infection was 
12 in tube E, 13 in tube F, 9 in tube G, and 8 in tube H. One-step growth curves were carried 
out as described under Methods. 
Sample  Infection  Aspartic  addedacid  Inhibitor  Average  size  burst 
A 
B 
C 
D 
E 
F 
G 
H 
Single 
Single 
Single 
Single 
Multiple 
Multiple 
Multiple 
Multiple 
+ 
+ 
+ 
+ 
m 
3  )< 10  -3 ~  cyanide 
3  X  10  -s ~  dinitrophenol 
3  M  10-  s ~  iodoacetate 
3  X  10-  3 ~t cyanide 
3  X  10-  3 M dinitrophenol 
3  X  10-  3 ~t iodoacetate 
10 
0 
0 
0 
8 
0 
0 
0 
system was not the phage that was originally added. Table XV  shows that  all 
the  inhibitors  that  prevent  the  synthesis  of  phage  in  singly  infected  cells  in 
complete medium, also completely inhibit the release of phage from the multiply 
infected cells. These inhibitors had  no effect on free phage in the concentration 
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Table XVI illustrates that if leucine or glutamic acid is left out of the medium, 
together with  aspartic  acid,  the  multiply  infected cells release no virus.  If 
glucose, which is the main energy source under these conditions, is left out of 
the medium, the yields from both singly infected cells in complete medium, 
and multiply infected cells in medium free of aspartic acid,  are reduced ap- 
proximately to the same extent. It is difficult to interpret the experiments in 
Table XIV and XV as indicating that the phage released from multiply in- 
fected cell is that which is added. 
Experiments carried out under conditions where valine is the limiting sub- 
strate in virus synthesis have indicated that it is not possible to replace valine 
by multiple infection. 
TABLE XVI 
Effect of Lea~ing out Either Leucine, Cdutamic Acid, or Glucose on the Multiplicity Effect in the 
Absence of Aspartic Acid 
Seven tubes were prepared as described under Methods. The substrates were left out of 
the various tubes as shown below. After shaking 4 hours 0.1 ml. virus solution was added to 
each tube to give a concentration of 1.0 ×  10  s particles in tubes A, B, and C, and 4.0 X 10  ° 
particles in tubes D, E, F, and G. The tubes receiving  the high virus input showed multiple 
infections of about 12. One-step growth curves were carried out on all tubes. 
Sample  Substrates lacking in medium  Infection  Average burst size 
A 
B 
C 
D 
E 
F 
G 
Aspartic 
Glucose 
Aspartic 
Aspartic and leucine 
Aspartic and glutamic 
Aspartic and glucose 
Single 
Single 
Single 
Multiple 
Multiple 
Multiple 
Multiple 
DISCUSSION 
Two strains of S.  muzcae,  one of which normally requires the addition of 
AHPF and the other which needs aspartic acid to liberate phage in Fildes' 
medium when singly infected, no longer need these substances when infected 
with a  fairly high  number of virus particles. 
The following data indicate that it is the phage particle itself that is capable 
of replacing the AHPF and aspartic acid: (a) The factor capable of replacing 
aspartic acid or the AHPF has the same acid, alkali,  and heat inactivation 
curve as the phage; (b) the factor follows the phage activity on centrifugation; 
(c)  the factor is only adsorbed by those cells which adsorb the phage;  (d) a 
purified fraction, prepared from lysozyme-lysed cells, in the same manner as 
the purified phage preparations, has no activity in the above system; that is 
to say, such fractions do not permit singly infected cells to liberate phage when 268  ~r~LTWI~  INFECTION  AND  SUBST1LATES IN  VIRUS  SYNTHESIS 
added to the medium lacking AHPF or aspartic acid; (e) the factor is neutralized 
by antiserum,  prepared by the injection of phage purified by bacterial anti- 
serum and differential centrifugation. 
Analysis of bursts from single  cells,  and  adsorption experiments,  indicate 
that  the elimination for either AI-IPF  or aspartic acid under conditions of a 
multiple infection does not result from the existence of two types of cells or 
two kinds of phage, either one of which does not require the AHPF or aspartic 
acid for virus liberation. 
The following data indicate that the phages being released from the multiply 
infected cells are not the original  infecting particles: 
(a)  One-step growth curves of cells singly infected in complete medium or 
multiply infected in the absence of AHPF or aspartic acid are the same. 
(b)  Desoxynucleic acid synthesis occurs at approximately the same rate in 
cells infected with a  few virus particles in the presence of the AHPF and in 
cells infected with a large number of virus particles in the absence of the AHPF, 
and in each case the synthesis is approximately that amount of desoxynucleic 
acid necessary for the burst size from both singly and multiply infected cells. 
Similar  results are obtained with the aspartic acid system. 
(c)  Metabolic inhibitors  which  completely inhibit  the  synthesis of singly 
infected cells in complete medium, also completely prevent the release of phage 
from multiply infected cells. 
(d)  If glucose,  the main energy source, is left out of both the complete me- 
dium (single infection) and minimal medium (multiple infection), there is the 
same large inhibition of virus release in both instances. 
(e)  If either leucine or glutamic acid, or one of several other amino acids, 
are left out of the medium besides aspartic acid,  the multiply infected cells 
release no virus. 
(f) Multiplicities higher than about ten do not influence  the yield of virus 
liberated per cell. 
The above results would seem to indicate that the virus being released from 
the multiply infected cells is newly synthesized phage. 
In experiments carried out so far it has been possible by multiple infection 
to eliminate the requirement of only single amino  acids that are essential for 
virus synthesis. 
Recent experiments on the E. coli system have shown that more than one 
virus particle may play a role in the phage synthesis of an infected cell. Dul- 
becco has presented evidence that  from eight  to ten active particles  of the 
same type may take part in the synthesis of new virus in one cell (8). Experi- 
ments by Hershey (9) and Delbriick and Bailey (10) have shown that recombi- 
nation may occur between similar  viruses in the same host cell. Luria (3) and 
Hershey and Rotman (11) have presented evidence that phage multiplication 
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of the virus, and Luria has suggested that reaggregation of the individual units 
may then occur to form the infective phage particle (3). Putnam and Kozloff, 
using E. coti 6r  + phage purified by centrifugation, have found that 30 per cent 
of the total radioactive phosphorus present in the infecting phage solution was 
found in the virus liberated from the infected cells (12). They have  indicated 
that these experiments show that there is some sort of exchange between phage 
particles in the same host cell. Goldwasser has shown,  however, that  only a 
very small part of the total radioactive phosphorus present in phage prepara- 
tions purified by differential centrifugation and dialysis is actually present in 
the virus particles (13). In view of these results, therefore, the interpretation 
of the experiments of Putnam and Kozloff must remain open. 
In arriving at a tentative working hypothesis to explain the effect of multiple 
infection reported in this paper, the following scheme is presented. This hypo- 
thesis is based on the following  experimental data:  (a)  Cells  singly infected 
do not liberate virus in the absence of either AHPF or aspartic acid; (b) The 
addition of the AH-PF and aspartic acid permits these cells to release phage; (c) 
Multiple infection eliminates the requirement of these cells for the AHPF or 
aspartic acid for virus release;  (d) The phage released is newly synthesized 
phage and not the original infecting particles; (e) The amount of virus released, 
in the absence of the AHPF or aspartic acid,  depends upon the number of 
particles infecting a  cell between 3 to 12;  (f) The cell appears to synthesize 
little if any AHPF or aspartic acid; (g) The phage particle contains the AHPF 
and aspartic acid. 
It is suggested that  the infecting particles contribute  the AHPF and  as- 
partic acid for the formation of the new particles. 
At this point in the work, no explanation can be given on the basis of the 
above scheme as to why singly infected cells do not liberate virus in the ab- 
sence of the AHPF or aspartic acid. That multiplicities higher than 12 do not 
influence the yield can be ascribed to the fact that in this system, even under 
conditions of single infection plus AHPF and aspartic acid, the yields of virus 
per cell are no bigger than  this;  therefore,  there is some other factor which 
limits the amount of virus formed, which the infecting particles cannot con- 
tribute. 
Dulbecco's results which indicate that, at the most, only eight to ten active 
particles can take part in phage synthesis in one cell may also play a role in 
this regard (8). 
The mechanism as to how the infecting particles contribute the AHPF and 
aspartic acid for the formation of the new virus particle is not known. If, how- 
ever, the phage breaks up into "units" on infecting bacteria, as suggested by 
Luria  (3),  then the mechanism would be easy to understand  since  the units 
containing the AHPF and aspartic acid may then be used in the  synthesis of 
new virus. Whether the particle does break up is not known. However, at least 270  MULTIPLE  INFECTION AND  SUBSTRATES  IN  VIRTJS SYN'£~$IS 
3 lines of evidence indicate that some opening up of the infecting particle must 
take place.  (a) Latarjet has shown that the x-ray sensitivity of the infected 
bacteria changes from sensitive, that is, equal to that of the infecting phage, to 
resistant,--indicating a smaller target (14).  (b) Phage is only recoverable from 
infected bacteria one-half through the minimum latent period (15).  (c) Doer- 
mann's experiments have shown that the first phage produced is not necessarily 
of the same type as the parental type which went into the cell, but can just as 
well be some sort of recombinant (16).  The question therefore appears to be 
whether the phage unfolds and forms a  template and exchange of units then 
occurs,  or whether it breaks up into discrete units, all independent of each 
other as Luria has proposed (3). In either case, the hypothesis that the original 
infecting particle can, under certain conditions, contribute some of the sub- 
strate for the formation of the new particles is in line with all the available 
evidence now at hand. 
Since no multiplicity of reactivation (3) has been observed with ultraviolet- 
treated S. muscae phage, the failure of ultraviolet-inactivated phage to serve 
as a source of either the AHPF or aspartic acid, in view of the working theory 
outlined above, might be due to the fact that such ultraviolet-treated phage 
can no longer "exchange units." 
The experiments reported in this paper are similar to Luria's experiments 
with ultraviolet-inactivated phage in that under conditions in which one par- 
ticle cannot initiate virus synthesis, several  in  the same host cell are able to 
start phage growth. The experiments differ, however, in that in Luria's ex- 
periments the several phage particles appear  to function by supplying tem- 
plates for the phage units, which are synthesized by the bacterial enzymes. 
These units go to make up the new virus. In the experiments reported in this 
paper,  however, the original infecting phage particles would seem to act by 
actually supplying substrate, which is then incorporated into the newly syn- 
thesized phage. 
The question arises whether under conditions of multiple infection in which 
there is no virus released, such as in the absence of two essential amino acids, 
there is any synthesis of virus protein or of desoxynucleic acid. This is im- 
portant in view of the experiments of Luria (20) and Hershey and Rotman (1 l) 
which indicate independent multiplication of subunits of E. coli viruses. From 
their experiments, it is possible that some virus protein or desoxynucleic acid 
might be synthesized, even though no fully intact virus particles were formed. 
Under the conditions such as shown in Table XVI, no protein or desoxynucleic 
acid was synthesized in multiply infected cells, which were suspended in me- 
dium lacking two essential amino acids, over a  3 hour period. Leucine and 
glutamic acid are constituents of the virus particle, and leucine alone can be 
replaced by multiple infection. The fact that there was no desoxynucleic acid 
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inhibition of protein synthesis, since in infected cells protein synthesis seems to 
govern desoxynucleic formation  (1).  That no protein  is  synthesized  5 might 
indicate that the infected cell is not capable of synthesizing virus unless fully 
intact phage particles can be formed. However, this interpretation is not justi- 
fied, since it could be assumed that some "unit" of the phage contain aspartic 
acid and the rest contain leucine and glutamic acid. In the hypothesis outlined 
in this paper, the majority of the "units" must be newly synthesized in multiply 
infected cells suspended in depleted medium, in order for such cells to form 
phage. This is indicated by the analysis of one-step growth curves and the 
desoxynucleic acid determinations in such systems (c]. page 268).  However, 
if both aspartic acid and leucine, or aspartic acid and glutamic acid, were lack- 
ing from the medium, then no "units" could be synthesized under the conditions 
outlined above. At the present time, the failure of multiple infection to elimi- 
nate the need of essential virus substrates is taken to indicate that such a sub- 
strate is found in all "units,"  or in too large a proportion of the "units," for 
new phage to be synthesized. The failure of multiple infection to replace cer- 
tain substrates, or combinations of substrates such as shown in Table XVI, is 
not overcome by greatly increasing the multiplicity of infection. Thus if a small 
amount of virus is not liberated with low multiplicities of infection (about 4), 
increasing the multiplicity of infection to 25 still does not permit either virus 
release or protein or desoxynucleic acid synthesis in such systems. Therefore, 
the failure of multiple infection to replace certain substrates is not due to the 
low number of available "units." It is interesting, in this connection, that it is 
not possible to replace purines and pyrimidines, which are necessary for the 
synthesis of virus desoxynucleic acid, by multiple infections up to 25 particles 
per cell. 
That virus particles can supply substrate for newly synthesized phage would 
indicate, in the light of the working hypothesis, that phage synthesis does occur 
by multiplication of independent phage  "units." For  example,  in  multiply 
infected cells  suspended in medium minus aspartic acid,  the  "aspartic acid 
units" are not synthesized for the new phage but come from the original in- 
fecting particles. However, as shown above, the "leucine-glutamic acid units" 
for the new phage cannot be supplied by the infecting phage particles,  and 
both glutamic acid and leucine must be present in the medium if phage is to 
be synthesized in multiply infected cells suspended in aspartic acid-free medium. 
5  All nitrogen values reported in the three current papers in this Journal were de- 
termined by the micro-Kjeldahl method. In analyzing the cells for protein a difference 
of 5.0 ~ of nitrogen wa  considered significant. In complete medium about 350 ~, of  vires 
protein would be loathed. 
6 Higher multiplicities of infection are not obtained in these systems. The reason for 
this is not known, but may in some way be connected with the physiological state of the 
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Thus the "units" of the phage containing leucine and glutamic acid, both  of 
which are constituents of the virus particle, must  be able to be synthesized 
independently of the "aspartic acid unit." It could be argued that the infecting 
phage particles are split all the way to amino adds, but this idea appears highly 
improbable since the phage must exist in at least fairly large pieces in order to 
act as "templates" for its own synthesis. 
It is felt, therefore, that the results described in this paper can best be inter- 
preted in the sense that phage multiplication takes place by independent syn- 
thesis of "pieces" of the phage, as originally put forward by Luria (20). How- 
ever, the relationship, if any, between the "nutritional units" described in this 
paper and the units described by Luria  (20)  and  Hershey and  Rotman  (11) 
remains to be elucidated. The solution of this problem in part would depend 
upon finding out what  happens  to the virus particle immediately after it  is 
adsorbed. 
In summary, the following working hypothesis has been formulated to ac- 
count for the fact that multiply infected cells no longer require the addition to 
the medium of certain substrates, which are constituents of the phage particle, 
and which are required when the cells are singly infected. (a)  Under certain 
conditions, the strain of S. muscae phage used in this work can  supply part 
of the substrate for the formation of new virus particles. (b) Most of the phage 
"nutritional units"  cannot be supplied by the infecting phage particles and 
must be synthesized. (c) If a substrate cannot be supplied by multiple infection, 
that substrate is a constituent of all or of the majority of the "nutritional units" 
of the phage. (d) All, or at least some, of the "nutritional units" of the phage 
can be synthesized independently of each other. 
This hypothesis was formulated to explain the experimental results described 
in this paper and to help in the planning of future work. It is in no way proven, 
however, and must be considered only a  working hypothesis. 
EXPERIMENTAL  METHODS 
Preparation and Determination of Bacteria and  Virus.--Bacteria and phage  were 
grown, prepared, and determined as described in the preceding paper (1). 
Nudeic Acid Analysis.--Nudeic  acid was determined by the methods described 
previously (5). 
Culturing o/Strain/.--Strain I was cultured as described in the previous paper (1). 
This strain was used in all AH_PF experiments. 
One-Step Growtk Curves.--One-step  growth  curves were carried out as described 
previously (1). In multiple infections, 20 minutes were allowed for adsorption. 
Ultraviolet Irradiation.--A 15 watt general electric germicidal lamp was used in all 
ultraviolet experiments. Phage, prepared as described previously (5), was diluted 1 : 10 
in synthetic medium to contain approximately 1 X 10  *° particles per ml. 7 ml. of such 
a solution was pipetted into a Petri dish, which was placed 50 cm. from the ultra- 
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Multiplicity of Infection.--The  term multiplicity of infection as used in this paper 
was defined by Delbrtick and Luria (17). The figure 1 means that most of the cells re- 
ceived single infections. In calculating the multiplicity of infection, a difficulty arises 
due to the dumping of some of the cells. The following method was used. If the tur- 
bidity readings indicated 3.0  ×  10* cells per ml. but by plate count, there was only 
1.5  X  10' cells per ml. present before infection and if the plate count showed only 
7.2  X  10  ~ cells per ml. present after virus was adsorbed, then 50 per cent of the cells 
were calculated to be infected, or 1.5 ×  10' cells per ml. An example of such a calcula- 
tion is shown in Table XVII. 
Preparation of Virus.--In order to eliminate the contamination by cellular debris of 
phage purified by centrifugation, phage was prepared under conditions in which there 
was very little cellular lysis. 300 ml. of Fildes' synthetic medium containing 5 mg. of 
hydrolyzed casein was inoculated with strain I  to give 2.5  X  10' cells per ml. After 
shaking 30 minutes, purified phage, prepared as described previously (10), was added 
TABLE XVII 
CalculaHon of Multiplicity of Infection 
10.0 ml. of Fildes' synthetic medium was inoculated with strain I  to contain 1.5  )<  10  a 
cells per ml. After shaking 4 hours,  0.1 virus solution was added to give the initial phage 
count shown below. A one-step growth curve was then carried out. 
Cell  count  by I  Cell count  by  ]  Multiplicity  of 
CellturbidityCOUnt  by  plateaddingCOUntvirusbefore[l  InitialinputVlrus  iplateaddlngCOUntvirusafter  Unadsorbed  virus  infection 
3.1  ×ml.  108 per  1.2  Xml.  los per!5.1  ×rnl.  lOs per 5.9  Xml.  lOt per 3.2  ×ml.  109 per  13 
to give between 7.5 and 8.5  X  108 virus particles per ml. After shaking 110 minutes 
at 37 °, the phage solution was centrifuge  d at 1100  ×  g at 10°C. for 15 minutes. Under 
these  conditions the new  synthesized phage resulted from  a  single cyde of phage 
multiplication, and there was little if any cellular lysis. The supernatant fluid from the 
above centrifugation, was centrifuged for 2 hours at 14,000  ×  g at 10°C.  The super- 
natant fluid was carefully poured off and the virus activity, still in the form of the pre- 
cipitate, was carefully resuspended in either 10.0 ml. of Fildes' medium or the minimal 
medium (1) as theexperimentdemanded and recentrifuged at 1100  X g for 10 minutes. 
The precipitate was resuspended in 15.0 ml. of the appropriate medium and recentri- 
fuged at  1100  X  g for  15 minutes. The supernatant fluid was recentrifuged for 75 
minutes at  14,000  ×  g. The resulting precipitate was suspended in  10.0 ml. of the 
appropriate medium and recentrifuged 10 minutes at 1100  ×  g. The above cycle was 
sometimes repeated one more time. All work was carried out between 5* and  10°C. 
In purifying phage with bacterial antiserum, the phage used was that which resulted 
after the first high speed centrifugation. After the addition of the correct amount of 
antiserum, the treated solution was allowed to stand at 37°C. for 30 minutes and then 
put at 5°C. overnight. The solution was then centrifuged at 1100  ×  g for 30 minutes at 
10°C.  The resulting supernatant fluid was then centrifuged as described above. 
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minimal medium (1) for the various centrifugations. Some of the phage preparations 
contained an inhibitor of virus synthesis. These preparations were discarded. 
Aspartic Acid Test System.--The  same aspartic acid test system was used as de- 
scribed previously (1). Due to the use of starved cells, the adsorption process was vari- 
able and not as good as that of normal cells. The variable and poor adsorption with 
starved cells confirms similar observations reported on the E. coll system (18).  In the 
absence of aspartic acid, the adsorption time was lengthened to 20 minutes. This was 
feasible since the minimum latent period was about 45 minutes. Even under these con- 
ditions, some of the aspartic acid multiple infection experiments had to be discarded 
because of poor adsorption. 10 "r of N of highly purified AFIPF was added per 10.0 ml. 
Preparation of Antiserum.--Phage  was purified by bacterial antiserum, and three 
cycles of low-high speed centrifugation. It had a titer of about 2.0 ×  101° particles per 
ml. 3.0 ml. of this preparation was injected subcutaneously. After 48 hours the injec- 
tion was repeated. Three days later, another injection was given. Two more injections 
were given 3 days apart. After waiting 3 weeks, 4 injections were given 3 days apart. 
After another week, the antiserum was collected. A  1 : 100 dilution of the antiserum, 
the dilution being made in Fildes' synthetic medium, inactivated  1.4  ×  10  * particles 
per ml. to 2.1 X  10  T  particles per ml. The phage was assayed after it had stood at 37°C. 
for 20 minutes, and had been left overnight in the ice box. Control rabbit serum had no 
effect on the phage titer in the dilutions used to test the antiserum. 
Bacterial antiserum was prepared by injecting heat-killed bacteria (10 minutes at 
70°C.). The series of injections was the same as for the preparation of the phage anti- 
serum. A  1:2,000 dilution of the antiserum caused a noticeable agglutination of bac- 
teria. It had no effect on the phage titer. 
SUMMARY 
1.  A  strain of S. muscae which requires a  substance present in certain acid- 
hydrolyzed proteins (AHPF) for virus liberation when singly infected in Fildes' 
synthetic medium no longer needs this substance when multiply infected. 
2.  In the absence of the AHPF under conditions  of multiple  infection  the 
amount of phage released  is approximately equal  to the number of infecting 
particles  between  two  to  ten.  Over  ten  particles  per  cell  has  no  further 
effect on the yield of virus. 
3.  The experimental evidence indicates that it is the phage particle and not 
some other component in the lysate which can replace the AHPF. 
4.  The minimum latent period and rise period of ceils singly infected  in  the 
presence of thd AHPF and multiply infected in the absence of the AHPF are 
the  same. 
5.  The desoxynucleic acid synthesis of cells, infected with a  very few virus 
particles in the presence of excess AHPF and multiply infected with ten par- 
ticles in the absence of the AHPF, occurs at approximately the same rate, with 
both  infected  samples  synthesizing about  the  same amount  of desoxynucleic 
acid and liberating  the same yields of virus. WINSTON H. PRICE  275 
6.  A strain of S. muscae which requires aspartic acid for virus synthesis when 
singly infected does not need this substance when multiply infected, the burst 
size under the latter conditions depending upon the multiplicity of infection 
between 3 to 12 particles per cell. 
7.  The data indicate that the virus released from multiply infected cells in 
the absence of added AHPF or aspartic acid is newly synthesized virus and 
not the original infecting particles. 
8.  The phage particle contains the AHPF and aspartic acid. 
9.  As a tentative working hypothesis, it is assumed that the AHPF and as- 
partic acid for phage formation under conditions of multiple infection, in the 
absence of added AHPF, or of aspartic acid, are contributed by the original 
infecting particles. 
10.  Ultraviolet-inactivated phage is adsorbed to the host cell and kills the 
cell although little virus is released under the experimental conditions. 
11.  Ultraviolet-inactivated phage particles, if added before the active par- 
tide is adsorbed, will greatly inhibit the liberation of new virus particles; but 
does not do so if added a few minutes after the active particle has been adsorbed. 
12.  Under the experimental conditions, reactivation of phage when present 
in  multiply infected  cells  does  not  occur;  and  such  ultraviolet-inactivated 
phage cannot serve as a  source of the AHPF or aspartic acid, although the 
AHPF can be liberated from such inactivated particles by acid hydrolysis. 
13.  The results are discussed in relation to Luria's experiments with ultra- 
violet-treated phage and to his "gene pool" hypothesis of phage formation. 
I wish to express my sincere appreciation to Dr. John H. Northrop for his interest 
and criticism during this series of investigations. Miss Virginia Turrie assisted in the 
experimental work. 
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Addendum 
Time Relationships in the Exchange of "Nutritional  Units" 
It is of some interest to know, under conditions in which the phage particle 
can supply substrate for the formation of new particles, whether the "nutri- 
tional units" are supplied at an early or late stage in the phage cycle. That is 
to say, if the phage particle breaks up upon infecting a cell, can the units not 
containing the essential amino acid multiply and perhaps reaggregate to some 
extent,  the essential "nutritional unit" being added later. Another question 
which was investigated was whether the newly synthesized viral progeny could 
contribute  "nutritional units"  for phage  formation. Such  experiments were 
carried out by using the aspartic acid system shown in Table XIII (page 265). 
However, instead of infecting the cells immediately with twelve phage particles, 
the ceils were infected with one particle and a  15 minute lapse was allowed. 
This  is  almost one-third  of the minimum latent period.  Mter  15  minutes, 
enough virus was added to give an average multiplicity of infection of 12. An- 
other sample was allowed to stand 30 minutes after being singly infected and 
then infected with an average of twelve particles per cell. The burst size of the 
cells infected with twelve particles at once was 9, the sample that stood for 15 
minutes was 3,  and the 30 minute sample released no phage.  The one-step 
growth curve of the control and the 15 minute sample was the same within the 
experimental assay period of 5 minutes. This result shows that phage can con- 
tribute little substrate for virus synthesis if added after the cell has been in- 
fected for some time. However, the result does not mean that the phage syn- 
thetic mechanism of such cells is injured, since as shown in an earlier paper of 
this series (1),  cells infected in minimal medium can remain for as long as 90 
minutes and still form normal amounts of phage providing they are suspended 
in  a  medium  containing the  essential  substrate.  One  interpretation of  this 
failure of infecting phage to supply substrate for new phage might be that the 
exchange of "nutritional units" must occur very early during virus growth. It 
is obvious, however, that other interpretations could also explain the above 
result. All that can be definitely said is that the exchange of the "nutritional 
unit" occurs some time before the'completion of the virus particle. Another 
important point is that  the newly synthesized phage cannot supply "nutri- 
tional units," since as shown above, 30 minutes after infection, phage cannot 
supply "nutritional units." Since in this system new phage does not appear WINSTON H.  PRICE  277 
until 45 minutes have elapsed as indicated by the desoxyribonucleic acid con- 
tent of the multiply infected cells (cf. page 261) all the "nutritional units" must 
be  supplied  by  the  infecting particles,  the  exchange of  "nutritional units" 
stopping with the completion of the new viral progeny. 
It should also be noted from the experiments described in an earlier paper 
(1), that there is little if any virus synthesis in the absence of the AHPF and 
aspartic acid. This same result has been obtained with leucine, under conditions 
in which leucine is the essential substrate.  Since it has been shown that the 
"leucine unit" can apparently synthesize itself in the absence of aspartic acid 
(of. page 271), it was hoped that by suspending cells in different minimal media 
and then resuspending them in complete media, different one-step growth curves 
would be obtained. Such results would give ~urther support for the theory that 
there is an independent synthesis of "units" of the phage particle, and would 
also indicate whether a substrate is concerned in the early or late stages of virus 
multiplication. However, all such experiments, as mentioned above, have given 
normal one-step growth curves, within the 5 minute assay period employed. 
Therefore, these results might indicate, that there can be no synthesis of phage 
unless  all  the  substrates  necessary for the formation of the  complete virus 
particle are present. This would appear to be evidence against the hypothesis 
of independent synthesis of "units" of the phage. Protein and desoxyribonucleic 
acid determinations of such systems were carried out in an attempt to answer 
this point, but these experiments were given up, as too many of the cells had 
to be multiply infected in order to infect most of the cells. 
One is faced, therefore, with the rather perplexing result that although parts 
of the phage seem to be synthesized independently of each other (of. page 271), 
there appears to be little if any initiation of virus synthesis unless a/l the sub- 
strates are available for the synthesis of the complete phage particle. 
Note Added in Proof.--Mter these papers were accepted for publication, a short 
note by Lesley, French, and Graham appeared (Arch. B~ochem., 1950, 28, 149). These 
authors using T2r  + phage labelled with radioactive phosphate, found practically all 
the labelled phosphate in the nucleic acid of the virus. Using this phage, they found 
that under conditions of a multiple infection, 20 per cent of the total radioactive phos- 
phorus appeared in the new viral progeny, confirming  the results of Putnam and 
Kozloff. The former authors also found that if a cell was infected with a single non- 
radioactive particle, and a lapse of 15 minutes allowed before the cells were multiply 
infected with radioactive phage, only i per cent of the total radioactivity appeared in 
the new viral progeny. They concluded that the infecting phage particles can contribute 
little substrate for the formation of the new progeny, after the cell has been infected 
for some time. This is also the conclusion which was reached from an analysis of the 
"nutritional units" as described  in the Addendum. It would be of great interest to 
know whether under the latter conditions, the phage is broken up, as it appears to be 
when added to a non-infected  cell. If it is, this would be further evidence that the 
exchange of "nutritional units" must occur very early during phage synthesis.  This 
could very easily be done with radioactive phage. 